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SUMMARY

An investigation has been made of the effects of distributed sur-
face roughness, consisting of lathe-tool msrks, on the skin-friction
drag of a body of revolution at a Mach nuuiberof 1.61. The tests were
made on ogive-cylinders at zero angle of attack over a roughness range
from Z?3to 480 microinches root mesn sqyare md over a Reynolds ?nuiber

range from 2.5 X 106 to 37 X 106.

The results indicate that the effects of surface roughness at a
Mach number of 1.61_are generslly similar to those found at subsonic
speeds. Both the allowable roughness height for a turbulent boundary
layer and the variation with Reynolds nuniberof the increment in skin-
friction drag due to roughness are in good agreement with l?ikuradse’s
low-speed data. At constant velocity, the allowable roughness height
is nearly independent of model length
changes in Reyaolds number per foot.
root mean square,

Allowable roughness height = 19.8x

An increase in surface roughness
Reynolds nuniberfor transition at the
tested and had little or no effect on

and dependent primarily upon
As an approximation, in inches

(Reynolds nuniberper foot)4”9

caused a sti decrease in the
umdel base for the ogive-cy~nders
surface-temperature-recoveryfac-

tors for the lsminsr or turbulent boundary lsyers. Pressure gradients
or body shapes apparently have little or no effect on the average skin-
friction drag coefficient for smooth bodies of high fineness ratio when
the boundary layer is turbulent.
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INI!RODUCTION

The basic laws of skin friction on rough surfaces were establd.shed
by Nikuradse about 1933 by means of tests of rough pipes with water.
These results are translated in reference 1. Shortly thereafter,
Prandtl and Schlichting (ref. 2) showed how the pipe results could be
app~ed to a flat plate. This information, however, found Mttle prac-
tical use in aeronautics at that time because the airplanes of that
date had very high form drag and relatively low maximm speeds and
these factors precluded any sizable effects due to surface roughness.
As airplanes became more s~resmMned and their maximum speeds increased,
surface-roughness effects became important and numerous investigations
of these effects were made at subsonic speeds. With the attainment of
supersonic speeds, surface-roughness effects take on increased importance,
not only from the standpoint of skin-friction drag but also because of
the increased rates of heat transfer that may be expected. However,
prior to the present work no research on roughness effects at supersonic
speeds had been conducted. The purpose of this investigation was to
determine the effects of distributed roughness on the drag of a body of
revolution at a Mach nuriberof 1.61 for comparison and correlation with
the available subsonic information.

The investigation was conducted in the Langley & by k-foot super-
sonic pressure tunnel on four ogive-cykinder modeM having nominal dis-
tributed surface roughness, generated by lathe tools, of 23, 85, 240,
and k&) microinches root mean square. The modeM were identical in
shape and hsd an ogival nose 3 calibers in length and an overall fine-
ness ratio of 12.2. Tests were made at zero angle of attack with natural
transition and with transition fixed nesr the model nose over a Reynolds

m.miberrange from about 2.5 X 106 to about 37 X 106, based on body length.
On the modeti with roughnesses of 23 andh~ microfiches, the surface-
temperature-recovery-factor distribution was aMo determined for the same
range of test conditions.
with Nikuradse’s low-speed

The resulting
results.

SYMBOLS

CDT total drag coefficient, D/qSf

c% base drag coefficient,
gB-Pl

~1

skin-friction data are compared
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Cff

cfw

Acf’v

D

L

d

Sf

%

x

k

k’

forebody pressure-drag coefficient, Foreb~
-m
~~f

sldn-friction drag coefficient based on Sf, CD
T-c% -c%

Sf
sldn-friction drag coefficient based on ~, Cf’f —

h

incremental skin-friction coefficient with turbulent bound~

~er, (cfw)ra@mdel ()- Cfw smooth model

total drag

model length

model diameter

msxinmm frontal sxea of model

total wetted sxea of model

longitudinal distance along model sxis from nose

roughness height, root-mean-square values

lkroughness height, absolute values, —
0.707

Mach number

velocity of free stresm

kinematic viscosity

Reynolds nuriber, uL/v

Reynolds nuniberper foot

dynsmic pressure

static pressure

thiclmess of laminar sublayer

temperature, % abs

equilibrium surface temperature, zero heat transfer, OF abs
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r
(

temperature-recove~ factor, defined by Ts = Tt 1 + r ~
)

- 1 MZ2

7 ratio of specific heats of air, 1.40

Subscripts:

ad admissible or allowable

B base

1 local conditions just outside boundary layer

L laminar sublayer

tr transition

1 free stream

APPARATUSAND mrHoDs

Wind Tunnel

The tests were made in the Langley 4- by J-foot sqersonic pressure
tunnel. Calibration of the test-section fluw at M= 1.61 indicates a
Mach ntier variation of about *0.01 amino significsmt flow irregular-
ities in the stream flow dtrection. The turbulence level in the test
section is not known, but for all stagnation pressures it is less than
0.9 percent of the ftiw velocity in the subsonic flow some distance
upstresmof the ftist minimum (ref. 3).

Mdels

The aluminum models were bodies of revolution composed of a 3-caMber
o@ve nose smd a cylindrical afterbody (see fig. 1). Approximately con-
stant, uniformly distributed roughness was produced by lathe-tool marks
on the entire surface of each model (fig. 2), except nesr the nose
(approxhnatelythe first 2 in.) where control of the roughness was
impossible. The average roughness, &hnensions, and areas of the modem
are given in table 1. Surface roughness of the models was mesmred in
microinches, root mean square, by means of a Physicists Resesrch Co.
Profilometer, Model No. 11.
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The models were sting mounted. Total-drag measurements were made
with a single-component strain-gage balance. Actually, because of the
failure of two sets of drag beams, three separate b&lances were used
in the course of the tests. Base pressures were messured with a single
tube well inside the model and by taking an average of the values given
by three tubes spaced radially in the plane of the base. Skin tempera-
tures were measured with two longitudinal rows of thermocouples connected
to Brown self-balancing potentiometers. The rows were 1800 apart, one
containing 15 thermocouples and the other containing 5. The longitudinal
position of the thermocouples is given in table 2. The first 12 thermo-
couples were on one potentiometer, the last 8 on another.

A cylindrical wooden block approximately the s-- diameter as the
modeh and 4 inches long was positioned about 1/8 inch back of the model
base for tests of the models with roughness of 23 smd 48o microinches
to reduce the load on the balance at high st~tion pressures. A
higher capacity balance installed in the mdels with roughness of 85
and 240 microinches made the blocks unnecessary for tests of these
configurations.

Tests

All tests were made with the models “at
a stagnation-pressurerange from 2 to about
spending t? Reynolds nunibersbased on model

zero angle of attack through
33 lb/sq in. abs, corre-
length of about 2.5 X 106

to 37 x 106. Tunnel stagnation temperatures vsried from about 95° F to
l~” F, depending on the stagnation pressure. The tunnel dewpoint waE
sufficiently low to prevent significant condensation effects.

Drag and base-pressure data were taken through the Reynolds nuniber
range on all the models with natural.and fixed transition. Transition
was fixed about 1/2 inch back of the nose of the model with No. 60 Carbo-
rundum grains cemented to the model surface. Temperature measurements
for the condition of zero heat transfer were made through the Reynolds
number range on the models with roughness of 23 smd 480 microinches with
natural and fixed transition.

One group of runs was made with sandpaper on various parts of the
cylinhical afterbody.of the 23-microinch-roughnessmodel with transi-
tion fixed near the nose. Number 6/o garnet paper, hating a roughness
of about 400 microinches root mean sqwe was glued to the model and
faired smoothly into the surface. Tests were made with the front half,
the rear half, and all the cyMnder covered.

Considerable difficulty was encountered in obtaining accurate body-
drag measurements with na;ural.transition at high Reynolds nuuibers
because of the “sandblast action of particles in the tunnel airstkesm.

—— .—. ——.—_ — —— —. —
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The pits and peaks produced by these particles on the soft surface were
removed as completely as possible and several repeat runs made with each
model in an attempt to obtain data free of sandblast effects.

The tests were made in two parts, series A and series B, because
of failure of the tunnel drive equipment. The first set of force and
pressure measurements made on the 23- and 480-microinch-rou@ness
models and all the temperatures obtained on the 23-microinch-roughness
model sre designated series A data. Most of the data were obttied in
the second part of the test and we called series B data.

Data Reduction

The values of sldn-friction drag were obtainedby subtracting the
base drag and forebody pressure-drag coefficients from the total drag
coefficient determined by means of the balance. The base drag coeffi-
cient was obtsined from base-pressure measurements. The forebody pres-
sure drag was determined from measured pressure distributions over the
nose of the 85-m.icroinch-roughnessmodel at Reynolds nunibers(based on
model length) of 7 x 106, 17.5 X 106, and 28 X 106. Since the variation
of the value of C% with Reynolds number was of about the same order

as the scatter in the data, a constant value of C
%

= 0.101 was used

throughout the Reynolds nuuiberrange for all the modeti.

Corrections and Accuracy

No corrections were made for buoyancy since this effect was found
to be negligible. Previous calibrations have shown a slight decrease
in test-section Mach nuniberat stagnation pressures below 4 lb/sq in. abs.
However, estimates indicate that no corrections to the data are required.

The probable error in skin-friction coefficient (based on wetted
area) i~ estimated to be about *0.0001 for Reynolds nunibersnear

15 x 106. At higher Reynolds numbers this value
but at the low values of Reynolds number for the
natural transition the error msy be two or three

Sample plots
surface-rou@ness

RESULTS AND DISCUSSION

GeneralRemarks

msy be conservative,
configurations with
times as gxeat.

of the types of data obtained in this investigation of
effects are shown in figure 3. These curves indicate
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the typical variations of
cients with test Reynolds
made without base blocks.

7

total, base, and skin-friction drag coeffi-
number that were observed when tests were
The same basic types of data were obtained

when base blocks were installed, except that-the leveb of the total
and base drag coefficients were decreased. All coefficients presented
here are based on the maximum cross-sectional area of the model. In
general, the curves of this figure represent the results of several
test runs made on each model. For the 23- and 480-microinch-roughness
models, some of the tests were made with considerable time intervening;
hence, the tests are identified as series A and series B tests.

With transition fixed, repeat runs were always in good agreement
with previous tests. With natural transition, however, considerable
difficulty was encountered with sandblast effects such as those depicted
by the abrupt rise in the curves for total drag and skin-frict on coef-

ificients for the 480-microinch-roughnessmodel at R = 18 X 10 or more

and the 23-microinch-roughnessmodel at R = 24 X 106. Mxt of the data
affected by sandblasting have been omitted; in some instances as many.
as half a dozen attempts were unsuccessful in obtaining satisfactory

results at the higher Reynolds numbers (15 X 106 or more). The results
presented in this paper me belleved to be the best obtainable from a
reasonable attempt at eliminating sandblast effects on aluminum models
in this tunnel.

At low Reynolds numbers (below about 15 X 106), the results from
the different test runs were in good agreement except that the series A
tests on the 23- and 480-microinch-roughnessmodels with natural transi-
tion consistently showed a small increase in Reynolds number for transi-
tion at the base and a somewhat lower skin-friction coefficient in the
lower Reynolds number range relative to the series B tests. The reason
for this discrepancy is not known.

Effects of Surface Roughness on Sldn Friction

The complete skin-friction results, converted to s~n-friction
coefficient based on wetted area, are plotted on a logarithmic scale
in figure 4. Wcluded in the figure are the theoretical skin-friction
curves for the laminar and turbulent boundary layers. The laminar
skin-friction curve was computed by the Chapman-Rubesin tec~que (ref.
for a flat plate and converted to a cone-cy13_nderby means of Manglerrs
transformation (ref. 5), a zero pressure gradient being assumed. The
theoretical turbulent curve was calculated by the extended Frankl-
Voishel method of reference 6.

4)

In order to simplMy the comparison of the results for the different
model roughnesses, the skin-friction data for dl four models are pre-
sented on a single plot in figure 5. Only data from series B tests are

—..—.. — —
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employed so that the comparison will.avoid introducing any effects due
to the aforementioned slight change h sldn-friction drag characteris-
tics between the two test series in the lower Reynolds number range
with natural transition. In order to simplify the comparison further,
the test points have been omitted from the curves for natwal. transition.

The natural-transition results (fig. ~) indicate that at the
lowest test Reynolds nuribersthe flow over the models is lsminsx and
the sldn-friction drag is approximately parallel to the theoretical
curves, although of somewhat greater magnitude. The difference between
the laminar skin-friction drag coefficients of the various models is
belleved to be due lsrgely to the low accuracy resulting from the low
pressures and smalIlforces. At al?eynolds nmiber of 4X 106 approxi-
mately, transition occurs at the model base and thence begins to move
forwsxd on the body with further increase h Reynolds nunber. The abrupt
increases in slclnfriction occurring at the high= Reynolds nuniberson
the 23- snd 85-microinch-roughnessmodels sre attributed mainly to ssnd-
blast~ effects.

A plot of the Reynolds nuniberfor transition at the base as a
function of model roughness is presented h- figure 6. Since it is
somewhat clifficult to determine the transition Reynolds number from the
force tests alone, me was made of the base drag coefficients (fig. 7).
Past experience has indicated that transition at the model b-e coincides
with the sharp negative-pressurepeak or the iuitisl peak in base drag
coefficient. ~cluded in figure 6 is one point from tests of an iden-
tical ogive-cylindermodel with a surface roughness of 5 to 6 microinches
root mean square (ref. 7). me restits (fig. 6) show a gradual decrease
in transition Reynolds number with increase h model surface roughness.

With transition ftied (fig. 5) the sldn-friction drags for the
23- and 85-microinch-roughnessmodels were about equal and in good
agreemeti tith the theoretical.sldn friction over the Reynolds number
range. It might be noted at this point that the sldn-friction drag
results for several NACA I&lo models (ref. 8) and some ogive-cyUnder
and cone-cy13ndermodels (ref. 7) ha- the ssme fineness ratio and a
surface roughness of about 5 to 6 microinches root mean square are in
good sgreement with one another end with the extended lImikl-Voishel
theoretical curve at this Mach nmiber. !l?hus,it may be concluded that
this theory is representative of the slsh-frictionresults obtained In
the Langley 4- by 4-foot supersonic pressure tunnel at M = 1.61 and
that, for bodies of high f=ess ratio, body shapes and pressure gradi-
ents have little effect on the average turbulent skin-friction drag
coefficients.

As the surface roughness is increased from 85 to 24o and 480 micro-
incbes root mean squsre, the skin-friction curves for the rougher models
first follow the skin-friction curves for the smoother bodies and then
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beginto diverge (fig. 5). For the 480-microinch-rou@ness model, the

divergence Reynolds number was estimated to be about 7 X 106 and for

the 240-microinch-roughnessmodel about 17 X 106. The fact that the
skin-friction coefficients are still increasing tith Reynolds number at
the highest test Reynolds number for the 4&microtich-roughness model
indicates that the surface friction has not yet reached the point where
it is independent of Reynolds number and becomes a function of roughness
height only (ref. 1). It might be expected that the skin-friction
coefficients for the 240-microinch-roughnessmodel will also increase
somewhat at Reynolds nuniberslsrger thsm those of the tests before
leve~ng off in the region where skin friction is independent of
Reynolds nuniber.

In these tests the largest increment in skin-friction drag was
measured on the 480-microinch-rou@ness model at the highest test

Reynolds nuniberof 37 X 106. ~s increment was about 60 percent of
the skin-friction drag of the smooth bdy with turbulent boundary layer
at that value of Reynolds number. At higher Reynolds numbers, of course,
the increment in terms of smooth-body drag would increase still further.

The relatively high drag for the h~-microinch-roughness model

(fig. 5) in the Reynolds number range from 3 x 106 to 6 x 106 may be
partly due to the wave drag of the roughness at the forward end of the
distributed roughness. The decrease in skin friction for the ssme model
at the lowest values of Reynolds number appsrent~ occurred because the
transition strip was not made sufficiently rough to fix transition when
the lsminar boundsry layer was rel.ativelythick. The ro~ess of the
trsmsition strip is dependent upon the depth to which the carboruudun
grains are imbedded in the lacquer adhesive and this depth is difficult
to control.

Comparison With Niku.radse’sResults

The Reynolds nunibersat which surface roughness first caused an
increase in skin-friction drag above that for a smooth body with turbu-
lent flow are compared with Nikuradse’s results reduced to a flat plate
(ref. 2) in figure 8. The plots are made as functions of both Reynolds
nuniberad Reynolds nuniberper foot for reasons that will be apparent
from subsequent discussions. The curves msy also be interpreted as
depicting the .dlowable roughness height at any R or RN below

which there will %e no effects due to roughness. h order to effect
this comparison it was assumed that the surface roughness on the present
test modeh was approximately sinusoidal in nature and that the root-
mean-square values could be converted to maximum height by dividing
by 0.707. The Nikuradse curve was obtained by plotting values of
divergence Reynolds nuniberfor a flat plate as indicated by references 2
or 9 as a function of roughness parameter k’/L and fairing an average
curve through the points.
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The agreement between the
240-microinch-roughnessmodels

mmm 3230

present results for the 48o- and
and Nikuradse’s data is good. This

~eement may be fortuitous because of a possible error in the rough-
ness conversion factor, the different types of surface roughness used
in the investigations (circumferentialridges and sand gxains), and
the fact that three-dimensionalboundary-lsyer ’flowoccurs on the ogive-
cy13nder snd two-dimensionalboundary-lsyer flow on the flat plate.
For these reasons it would be inappropriate to conclude that there is
no effect of Mach number on divergence Reynolds number within the Mach
ntier rsnge under consideration, from o to 1.61.

The allowable roughness representedby the curve in figure 8(a)
can be expressed by the equation

0.9 &

()
UL — = 19.8T L

or

k~ = 19.8L0*%ft-0*9

Thus, it appears that the allowable roughness height is essentially
independent of model length and dependent primarily upon changes in

(1)

(2)

Reynolds
from the
from the
terms of
in model

numiberper foot. The appearance of the length parameter stems
use of Nikuradse’s data and is ,beliLevedto result fortuitously
choice of variables involved in presenting Nikuradse’s data in
flat-plate variables. It a~esrs unretistic that an increase
length should result in an increase in allowable roughness

height when nothing else is changed. From figure 8(b) an equation can
be derived which does not involve L and which is probably just as
accurate. This equation, in terms of ~, is

(3)

An interesting insight as to the permissible surface roughness at
supersonic speeds can be obtained from equation (3) or the curve of
figure 8(b). For example, it is found that, for an airplane or missile
flying at the test Mach number at an altitude of 50,000 feet, the
sllowable surface roughness is 660 microinches or about 470 microinches
root mean square. If the fldght takes place at sea level the allowable
roughness is reduced to 130 mi.croinchesor about 90 microinches root
mean squsre. If the same relationship found in the present tests and
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in Nikuradse’s tests should hold to higher Mach numbers, then at M = 5
the allowable surface roughnesses at 50,000 feet end at sea level would
become about 16o and 30 microinches root mean square, respectively.
Apparently, then, surface-roughness effectB are most critical at low
altitudes and at ~gh speeds.

The variation of the incremental drag due to surface roughness ACfv

with change in R or R~ is shown in figure 9. The results are again

compsred with Nikuradse’s data reduced to a flat plate (ref. 2) and
again the agreement is good, except that the present results for the
k80-microinch-roughnessmodel apparently increase somewhat more rapidly
with Reynolds number than do the results from reference 1. This more
rapid increase in ACfw with R in the present tests maybe due to

the appearance of an increasing mount of wave drag as the roughness
protrudes farther into the supersonic portion of the boundazy layer as
the bound~ layer becomes thinner at the higher tunnel pressures.
Nevertheless, it may be broadly concluded that the effects of surface
roughness for a turbulent boundary leyer at supersonic speeds are very
similar to those at subsonic speeds.

It should be noted here tit, although the divergence Reynolds number
in these tests is dependent almost exclusively on free-stream Re@olds
number and hence only on the free-stream flow conditions, the increment
in skin-friction drag due to surface roughness is dependent upon the
boundary-~er thichess within the Reynolds nuder range under considera-
tion in figure 7. Therefore, since the turbulent boundary layer is
thinnest immediately behind the transition region, for the tests with
natural transition the first appe~ance and the largest increment in local
skin-friction drag due to roughness will probably occur in this region.

When the turbulent boundary layer is sufficiently thin, of course,
as at extremely high Reynolds nunibers,the increment in skin friction
due to roughness no longer depends upon Reynolds number but depends
solely upon the average roughness height (refs. 1 and 2) as noted
previously.

Effects of Roughness Location

In reference 10, Von K&& notes that Nikuradse’s results indicate
that the first appearance of drag due to surface roughness always occurs
when the surface roughness begins to exceed one-fourth the height of the
lsminer sublsyer. Consequently, it msy be expected that an increase in
divergence Reynolds nunibershould be noted if the surface roughness does
not cover the whole body but begins some distance behind the nose of the

—.—. .— —— —
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body. The results of tests made to determine the accuracy of this pre-
diction sre shown in figure 10. The data indicate that there was no
change in divergence Reynolds nuniberwhen either the forward half or
the rear half of the cylinder of the essentially smooth (23-microinch-
roughness) model was covered with sandpaper.

In order to study the problem further, the thiclmess of the laminar
sublayer over the length of the model was computed for several values of
R, a l/7-power profile in incompressible flow being asswned. The results
sre presented in figure Il. The plot indicates that the change in 8L

along the body is relatively small, particularly at the higher values
of R, and the major change in sublsyer thickness occurs as a result of
changes in pressure or Reynolds nuniberper foot. An estimate from the
curves of figure 11 shows that a change in divergence Reynolds number
of the order of 10 percent, or within the accuracy of the tests, should
be expected for the two roughness locations. Hence, no re~able con-
clusion regsrding the effects of laminar-sublayerthiclmess can be made.

Temperature-Recove~ Characteristics

The variation of temperature-recovery factor with x/L for the
23- and 480-microinch-roughnessmodels at several values of Reynolds
nuoiberis presented in figure 12. For fixed transition the recovery
factors of the two models are essentiddy the same within the accuracy
of the measurements and appesr to be about constant through the
Reynolds number range investigated. The results of the tests with
natural transition indicate no signific~ differences in recovery
factor for the two models in the laminar-flow region. ~ changes
appear in the Reynolds number region where transition is at a different
location on each hodel. Average values of recovery factor on the
cyhdrical afterbody were about 0.87 and 0.90 for lsminar and turbulent
boundary lsyers, respectively.

SUMMARY OF RESULTS

An investigation has been made of the effects of distributed sur-
face roughness on the skin-friction drag of an ogive-cylinderbody of
revolution at a lhch nuniberof 1.61. The tests were made at zero angle
of attack over a roughness rsmge from 23 to 48o micro richesroot mesm

ksquare and over a Reynolds number range from 2.5 X 10 to 37 X 106 based
on body length. The results indicate that:

1. The effects of surface roughness at a lkch nuuiberof 1.61 are
generaUy similsr to those found at subsonic speeds.
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2. Both the allowable roughness height for a tuxbulent boundary
layer and the variation with Reynolds numiberof the increment in sldn-
friction drag due to roughness are in good agreement with Nikuradse’s
low-speed results. The agreement msy be somewhat fortuitous, however,
because of the different types of surface roughness employed and
because of the comparison between a three-dimensionaltmd.yand a flat
plate.

3. At constant speed, the allowable roughness height is nearly
independent of model length and dependent primarily upon changes in
anibientstatic pressure or Reynolds number per foot. As an approxi-
mation, in inches root mean squarey

Allowable roughness height = 19.8x (Reyno~ nunloerper foot)~*9

4. An increase in surface roughness caused a small decrease in the
Reynolds nuniberfor transition at the model base.

5. Surface roughness had Mttle or no effect on surface-temperature-
recoveqy factors for the laminar or turbulent boundary layers; the
temperature-recovery factors on the cytidrical portion of the model
were about 0.87 and 0.90 for the lsminar and turbulent boundary layers,
respectively.

6. Pressure gradients or body shapes apparently have little or no
effect on the average skin-friction drag coefficient for smooth bodies
of high fineness ratio when the boundary layer is turbulent.

Ia.ngleyAeronautical Laboratory,
National Advisory Committee for Aeronautics,

Langley Field, Va.j Janusry 11, 1954.

— . .—— — — ..— .—— -



14 NACATN 3230

1. Nikuradse, J.: Laws of Flow in Rough Pipes. NACA TM 1292, 1950.

2. Prandtl, L., and Schlichtin& H.: Das Widerstandsgesetz rauher
PlatteIl. Werft Reederei Hafen, Jahrg. 15, Heft 1, Jan. 1, 1934,
pp. 1-4.

3. Czsrnecki, K. R., and Sinclair, Archibald R.: Preliminary Investiga-
tion of the Effects of Heat Transfer on Boundary-Layer Transition
on a Parabolic Body of Revolution (NACARM-1O) at a Wch Nuniber
of 1.61. NACATN 3165, 1954. (SupersedesNACAIWl L5-a.)

4. Chapman, DeanR., and Rubesin, Morris W.: Temperature and Velocity
Profiles in the Compressible Laminsr Boundary Lsyer With Arbitrary
Distribution of Surface Temperate. Jour. Aero. Sci., vol. 16,
no. 9, Sept. 1949, pp. 547-565.

5. Msngler, W.: Boundary Layers With Symmetrical Airflow About Bodies
of Revolution. Rep. No. R-30-18, Part 20, Goodyesr Aircraft Corp.,
W. 6, 1946.

6. Rubesin, ltmris W., Maydew, Randall C., and Varga, Steven A.: An
And-?@icd and llxperiments.1Investigation of the SkLn Friction of
the Turbulent Boundary Layer on a Flat Plate at Supersonic Speeds.
NACA TN 2305, 1951.

7. Hilton, JohnH., Jr., and Czaraecld-,K. R.: An Exploratory Wvesti-
gation of Sldn Friction and Transition on Three Bodies of Revolution
at a Mach N-uniberof 1.61. NACA TN 3193, 1954.

8. Czarnecki, K. R., smd Sinclair, Archibald R.: An EWension of the
investigation of the Effects of Heat Trsasfer on Boundsry-Layer
Transition on a Parabolic Body of Revolution (NACARM-1O) at a
Mach Number of 1.61. NACATN 3166, 1954. (SupersedesNACA RM L53W5.)

9. Schl.ichting,H.: Lecture Series “Boundary Lsyer Theory.” Part II -
Turbulent Flows. NAcATM 1218, 1949.

10. Von K&m&, Th.: Turbulence and Skin Friction. Jour. Aero. Sci.
vol. 1, no. 1, Jan. 1934, pp. 1-20.



.

TABLE 1

DIMENSIONS OF MODELS

50.0 4.03 23t5 0.0886 4.05

50.0 4.05 85 * 15
● 0895 4.07

50.1 4.06 24o f 60 .0899 4.08

49.9 4.08 480 * 50 .0908 4.09

——. —.. —. — —



16 NACA TN 3230

TABLE 2

KHMTION OF THERMOCOUHiES ON MODEIS

Thermocouple
number

(a)

I, 16

;
4
5
6, 17
7
8
9, 18

10
II, 19
12
13
14, 20
15

x, in

3.05
6.01
8.05
11.02
13.07
15.03
18.03
21..o3
24.o4
26.08
29.04
33.04
37.04
44.06
48.03

x/L

0.06
.12
.16
.22
.26
.30
.36
.42
.48
.52
j:

.74

.88

.96

%ermocouples 1 to 15 on top of
model; 16 to 20 on bottom.

CONFIDENTIAL

—.. — —
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Model d

I 23:5 I 4.03
2

II
85*154405

3 240*60 4.06

4 480~50 4.08

-.

Figwe l.- Drawing of test tiel. All &bmnslons are in inches except
as noted. k is rms roughness In ticroinches.
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(a) 23 microinches.

Figure 4.- Variation of Cfw with R for several values of surface

roughness. Flagged symbols indicate fixed transition.
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Figure 4.- Continued.
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Figure 4.- Continued.
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(d) 4&) microinches.

Figure 4.- Concluded.
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Figure 5.- Summary of results of surface-roughness effects.

— -— .—. —— — .-. ..— — .—— — —.



i-o
0-)

4

I I I { o Present tests

n Referecce 7

00 100 200 300 400 54

Surface roughness ,p in., rms

Figme 6.- VariatAon of F+.r with mmface roughness.



27

❑ SeriesA

.

.14
0 Series B

.10
0 (a) 23p in

.08 b

.14-

0 ‘( “)
.12

~o@ b

CDB

.10 (J

o (b)85ph

.14

.12
~~~ 00 ~ 0( .)

cDB

.10
@?il$@ $@ ‘@

8 (c)240pin

.08 m

.14

CDB

“080 4 8 12 16 20 24 28 32 36

R

Figure 7.- Variation of base draa coefficient with Revnolds nuniber.

. ..— —. —— ._— .—.—_



28 mc~m 32y

k;

L

I

I

II I I I Ill I I I I I I Ill

II I I 1 1 I I I I I I I I I I I

I I I I I I

, , , \ , I I I I I I
240W’ I I

III I F&@in oflncmused
drqduetorulfgiules

I I I I I I I I I I I I \ I I I I I I I IICF , , I

I I I IIll \ I I 1 , 1 11,III8 ,1 1 , ,,,, ,, ,
6 ?3 JI

II I I 1111 I \l

I0“ 2 4 6 8 10’ 2 *46

(a) &/L as afunction

Figure 8.- Comparison of allowable-roughness
and flat plate.

810° 2

of R.

results for

4 6 810=

ogive-cylinder

. —



29

Regionof no dreg

effectsdue to roughness

lo<
8

6

4

2“

10,05 ~ 4 68 10b 2 Rf+
4 6810f 2

. .

(b) l& as a function of ~.

Figure 8.. Concluded.

,

4 68108

—. .-—



1.6 ~ IO-3

Present tests

——Reference 2or 9 /
/ ‘

1.2
+ / “

/
/

ACfw /

/
.0

2 N05
.8

/
I

+.4 Xlol / ‘
/ ‘

>/ 9

/
/ ~

l-’
/ “

/1 XI05

.4
/

/ ~ / I
/ ‘

/ -6.6 XI(F /’ ‘

0 5 ‘

/

%XIO*

~06
/ 41 /“ / “

,
2 34 56789107 2 34 567891&

R

(a) Efw as a function OP R.

Figure 9.- Vmiation of LCf with Reynolds nuder for varioua
w

values of k’.

I



1

!

I,2XI0-3

— —Reference 2 or 9
/

.8 / <50 00

Aqw

,4 /

‘1 1,5 2 2.5 3 4 5 678

‘ft

(b) ZY7fw m a function of Rfi.

Figure 9.- Concluded.



32 NACA TN 3230

Cfw

I

I

I

R

Figure 10.- Effect of adding sandpaper (k =450 ~ 50 microinches root-
mean-sqpsre) to cylindrical afterbody of 23-microinch-roughnessmodel.
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